Temperature dependent recombination dynamics in InP/ZnS colloidal nanocrystals Appl. Phys. Lett. 101, 091910 (2012) Intrinsic defect in BiNbO4: A density functional theory study J. Appl. Phys. 112, 043706 (2012) The CuInSe2-CuIn3Se5 defect compound interface: Electronic structure and band alignment Appl. Phys. Lett. 101, 062108 (2012) Investigation of deep-level defects in conductive polymer on n-type 4H-and 6H-silicon carbide substrates using I-V and deep level transient spectroscopy techniques J. Appl. Phys. 112, 014505 (2012) Additional information on J. Appl. Phys. Major deep levels observed in as-grown and irradiated n-type 4H-SiC and 6H-SiC epilayers have been investigated. After low-energy electron irradiation, by which only carbon atoms are displaced, five traps, EH1 ͑E C − 0.36 eV͒, Z 1 / Z 2 ͑E C − 0.65 eV͒, EH3 ͑E C − 0.79 eV͒, EH5 ͑E C − 1.0 eV͒, and EH6/7 ͑E C − 1.48 eV͒, were detected in 4H-SiC and four traps, E 1 / E 2 ͑E C − 0.45 eV͒, RD 5 ͑E C − 0.57 eV͒, ES ͑E C − 0.80 eV͒, and R ͑E C − 1.25 eV͒, were detected in 6H-SiC. The Z 1 / Z 2 , EH6/7 centers in 4H-SiC and the E 1 / E 2 , R centers in 6H-SiC exhibit common features as follows: their generation rates by the e − -irradiation were almost the same each other, their concentrations were not changed by heat treatments up to 1500°C, and they showed very similar annealing behaviors at elevated temperatures. Furthermore, these defect centers were almost eliminated by thermal oxidation. Taking account of the observed results and the energy positions, the authors suggest that the Z 1 / Z 2 center in 4H-SiC corresponds to the E 1 / E 2 center in 6H-SiC, and the EH6/7 center in 4H-SiC to the R center in 6H-SiC, respectively. Since the concentrations of these four centers are almost the same for as-grown, electron-irradiated, annealed, and oxidized samples, these centers will contain a common intrinsic defect, most likely carbon vacancy. The authors also observed similar correspondence for other thermally unstable traps in 4H-SiC and 6H-SiC.
I. INTRODUCTION
SiC is an attractive material for high-power, hightemperature, and high-frequency operating devices.
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Among many SiC polytypes, 4H-SiC is regarded as the most suitable polytype for such device applications owing to its large band gap, high electron mobility, and small anisotropy. However, the presence of various defects has so far hindered SiC-based device commercialization in a large scale. Deep levels in semiconductors have several harmful effects such as carrier trapping, increase in leakage current, and reduction in minority carrier lifetimes. In as-grown n-type 4H-SiC, the Z 1 / Z 2 center 3 and the EH6/7 center 4 are dominant traps. The Z 1 / Z 2 center has been identified as a dominant lifetimekilling defect in n-type 4H-SiC. [5] [6] [7] [8] The Z 1 / Z 2 and EH6/7 centers are frequently generated during device processes such as ion implantation or high-temperature annealing. From previous deep level transient spectroscopy ͑DLTS͒ studies, it was suggested that the Z 1 / Z 2 and EH6/7 centers may originate from a similar microstructure 9 and may be related to a carbon vacancy. 9, 10 Each point defect must have different activation energies in different SiC polytypes. Only a few reports can be found on the comparative study of deep levels in different SiC polytypes. Pensl and co-workers suggested that the Z 1 / Z 2 center in 4H-SiC and the E 1 / E 2 center in 6H-SiC may originate from the same point defect. 11, 12 They observed identical temperature dependence of these trap concentrations. Hemmingsson et al. demonstrated that both traps have negative-U properties. 13, 14 For these traps, the thermal barrier for electron capturing is close to zero or very small. 4, 15 In this study, the major deep levels observed in as-grown and irradiated n-type 4H-SiC and 6H-SiC epilayers have been systematically investigated using DLTS. The samples were irradiated with electrons at an energy of 150 keV with various fluences. By such low-energy e − -irradiation, only carbon atom displacement can take place in SiC crystals. 10 Although several groups studied radiation-induced defects in 6H-SiC, 3, 11, 12, [15] [16] [17] [18] [19] [20] [21] there are no reports on deep levels in 6H-SiC irradiated with such low-energy electrons. In this study, the authors detected several traps in both 4H-SiC and 6H-SiC after the e − -irradiation. Their generation rates by the e − -irradiation and their annealing behaviors are compared. In addition, the authors investigate effects of thermal oxidation on deep levels. So far, impacts of thermal oxidation on the deep levels in 6H-SiC have not been investigated. Based on these results, the microscopic nature as well as the energy levels of deep levels in different SiC polytypes are discussed.
II. EXPERIMENTS
The starting materials were N-doped n-type 4H-SiC epilayers grown on 8°off-axis 4H-SiC ͑0001͒ and N-doped n-type 6H-SiC epilayers grown on 3.3°off-axis 6H-SiC ͑0001͒. 22 The thickness and doping concentration of the epilayers were 10-15 m and 5 ϫ 10 15 -1ϫ 10 16 cm −3 , respectively. Electron irradiation was performed at an energy of 150 keV without intentional heating. The electron fluence was varied from 1 ϫ 10 16 to 4 ϫ 10 17 cm −2 . DLTS spectra were obtained in the temperature range of 150-700 K before and after the e − -irradiation. For the DLTS measurements, nickel was evaporated onto the sample surface as Schottky a͒ Electronic mail: sasaki@semicon.kuee.kyoto-u.ac.jp.
contacts with a thickness of approximately 80 nm. The typical reverse bias and pulse voltages were Ϫ5 V and 0 V, respectively. In this study, a Fourier transform analysis of the measured transients was employed, 23 and temperatureindependent capture cross section was assumed when analyzing the DLTS data. After the DLTS measurements on asirradiated samples, Ni Schottky contacts were removed for the annealing experiment. The samples were annealed in Ar ambient for 30 min at temperature from 950 to 1750°C. A rapid thermal annealing furnace was used for 950°C annealing. For annealing above 950°C, carbon cap was employed to suppress the surface roughening, 24 and a hot-wall chemical vapor deposition chamber was used. After the DLTS measurements on the annealed samples, Ni Schottky contacts were removed again, and then thermal oxidation was carried out in dry O 2 ambient at 1150°C for 6 h. The oxides were removed by hydrofluoric acid before subsequent DLTS measurements. About 50-60 nm thickness of the epilayers was consumed by the oxidation process.
III. RESULTS AND DISCUSSION
A. Deep levels in n-type 4H-SiC/6H-SiC after lowenergy electron irradiation
The Z 1 / Z 2 and EH6/7 centers were predominantly observed in the as-grown 4H-SiC epilayers used in this study. The trap concentrations were typically 2.1ϫ 10 13 cm −3 for the Z 1 / Z 2 center and 1.3ϫ 10 13 cm −3 for the EH6/7 center, respectively. Figure 1 shows the DLTS spectra of 4H-SiC after the e − -irradiation with various electron fluences. Here, the signal b 1 is the coefficient of the first sine term in the Fourier series of deep level transient Fourier spectroscopy. 23 The concentrations of the Z 1 / Z 2 and EH6/7 centers were significantly increased by the e − -irradiation. After the e − -irradiation, three DLTS peaks, labeled EH1, EH3, and EH5, 4 appeared in the measured temperature range. From the Arrhenius plots of the emission time constants, the energy levels and the capture cross-sections of the observed five traps were determined, which are summarized in Table I . The EH1, EH3, and EH5 centers are thermally unstable traps, while the Z 1 / Z 2 and EH6/7 centers are thermally stable traps. Subsequent annealing at 950°C completely removed the EH1, EH3, and EH5 peaks in DLTS spectra. On the other hand, the concentrations of the Z 1 / Z 2 and EH6/7 centers were kept almost constant before and after annealing at 950°C. These results are in accordance with the previous reports. 9, 10 In the as-grown 6H-SiC epilayers used in this study, the E 1 / E 2 center 3 ͑E C − 0.45 eV͒ and the R center 3 ͑E C − 1.25 eV͒ were observed. The typical trap concentrations were 2.3ϫ 10 12 cm −3 for the E 1 / E 2 center and 4.5 ϫ 10 12 cm −3 for the R center, respectively. The DLTS spectra of 6H-SiC after the e − -irradiation are shown in Fig. 2 . It was confirmed that the E 1 / E 2 and R concentrations were significantly increased by low-energy electron irradiation. Two DLTS peaks, labeled RD 5 3 and ES in the figure, were detected in the DLTS spectra of as-irradiated 6H-SiC. These two traps were not observed in the as-grown samples. The energy levels and the capture cross-sections of the detected four traps are summarized in Table II . Several groups observed a relatively broad peak, named Z 1 / Z 2 ͑6H͒, at around 340 K in DLTS spectra of irradiated 6H-SiC. 3, [15] [16] [17] [19] [20] [21] The Z 1 / Z 2 center ͑6H͒ is not the same as the Z 1 / Z 2 center in 4H-SiC, though the same label has been given. The Z 1 / Z 2 center ͑6H͒ is located at about 0.6 eV below the conduction TABLE I. Electrical properties of the detected traps in electron-irradiated n-type 4H-SiC ͑: capture cross section, N T : trap concentration after the e − -irradiation with a fluence of 4 ϫ 10 17 cm −2 ͒. band edge in the band gap. The ES center observed in this study has a slightly larger activation energy than that of the Z 1 / Z 2 center ͑6H͒, though both trap peaks were detected at similar temperature positions in the DLTS spectra. The previous annealing studies of the Z 1 / Z 2 center ͑6H͒ have shown contradictory results: the defect center is persisting even after 1700°C anealing, 3, 16 or annealed out below 1000°C. [17] [18] [19] 21 In this study, the ES center were completely annealed out by annealing at 950°C. At present, it is not clear whether the ES center is identical to the Z 1 / Z 2 center ͑6H͒ or not. In any cases, the ES center may be related to carbon displacement. The RD 5 center is also thermally unstable as the ES center, while the E 1 / E 2 and R centers remained stable after subsequent annealing at 950°C. The RD 5 and ES centers in 6H-SiC have the similar features as the EH1, EH3, and EH5 centers in 4H-SiC: all these traps are not observed in asgrown epilayers, generated by the e − -irradiation, and annealed out at relatively low temperature. Recent ab initio calculation has shown that migration barriers of a carbon vacancy ͑3.5-5.2 eV͒ are much higher than those of a carbon interstitial ͑0.5-1.4 eV͒ in SiC. 25 Zolnai et al. reported that the carbon vacancy in e − -irradiated SiC becomes mobile at temperatures above 1100°C as detected by electron spin resonance experiments. 26 Taking account of these theoretical and experimental results, the authors speculate that the EH1, EH3, and EH5 centers in 4H-SiC and the RD 5 and ES centers in 6H-SiC may be related to carbon interstitials.
Figures 3͑a͒ and 3͑b͒ show the increase in the concentrations of thermally stable traps, the Z 1 / Z 2 , EH6/7 centers in 4H-SiC, and the E 1 / E 2 , R centers in 6H-SiC, respectively. In these figures, the increases in trap concentrations are plotted versus the electron fluence. As can be seen, the Z 1 / Z 2 , EH6/7, E 1 / E 2 , and R concentrations were increased almost linearly by increasing the electron fluence. The generation rates of all these four traps by the e − -irradiation are almost the same. This result suggest that the Z 1 / Z 2 , EH6/7, E 1 / E 2 and R centers originate from the same or a very similar point defect, which will be most likely a carbon vacancy.
In the same way, the authors compared the increase in the concentrations of thermally unstable traps, the EH1, EH3, EH5 centers in 4H-SiC, and the RD 5 , ES centers in 6H-SiC. However, most of them did not show linear increase by increasing the electron fluence. Since these trap concentrations were changed even after the DLTS measurement up to 700 K, the annealing effect during the high-temperature measurements might affect their concentrations.
B. Further comparison of thermally stable traps observed in 4H-SiC/6H-SiC
As mentioned in the previous section, the Z 1 / Z 2 , EH6/7 centers in 4H-SiC and the E 1 / E 2 , R centers in 6H-SiC are dominant traps after the e − -irradiation and subsequent annealing at 950°C. In this section, the authors attempted further comparison of these thermally stable traps. As the first step, annealing at elevated temperatures up to 1750°C were performed. As already mentioned, carbon caps were first deposited onto the sample surface before each annealing procedure. There was no sign of surface roughening in all the samples even after annealing at 1750°C. Figure 4͑a͒ shows the annealing behaviors of the Z 1 / Z 2 and EH6/7 centers in 4H-SiC. The samples were irradiated with electrons ͑energy: 150 keV, fluence: 2 ϫ 10 17 cm −2 ͒ before annealing to introduce moderate amounts of the defect centers. The Z 1 / Z 2 and EH6/7 concentrations were not changed by annealing at 1500°C and decreased at higher temperature. The thermal stability of these defect centers are in good agreement with previous reports. 9, 11, 27, 28 Figure 4͑b͒ shows the annealing behaviors of the E 1 / E 2 and R centers in 6H-SiC. Before annealing, the samples were also irradiated with the same conditions as performed on the 4H-SiC samples used in this annealing experiment. The E 1 / E 2 and R centers also remained stable up to 1500°C and started to be annealed out at 1600-1750°C. Comparing Figs. 4͑a͒ and 4͑b͒ , it is obvious that the concentrations of the Z 1 / Z 2 , EH6/7, E 1 / E 2 , and R centers are changed in a very similar manner by hightemperature annealing. Such high thermal stabilities indicate that these defect centers are related to a carbon vacancy ͑or an antisite͒ rather than a carbon interstitial.
The authors also investigated effects of thermal oxidation on these four traps. It has been previously shown that the concentrations of the Z 1 / Z 2 and EH6/7 centers can be remarkably reduced by thermal oxidation. 29 The authors' group suggested a model for the mechanism of defect reduction: vacancy-related defects, likely the origins of the Z 1 / Z 2 and EH6/7 centers, are occupied by diffused carbon or silicon interstitials emitted from the oxidation interface during thermal oxidation. 30 If the E 1 / E 2 and R centers in 6H-SiC originate from the same microstructures as the Z 1 / Z 2 and EH6/7 centers in 4H-SiC, their concentrations must be reduced by thermal oxidation in a same way. In this study, the authors conducted thermal oxidation in dry O 2 at 1150°C for 6 h. The samples used in this experiment were irradiated with electrons ͑energy: 150 keV, fluence: 2 ϫ 10 17 cm −2 ͒ and annealed at 950°C in Ar. Before oxidation, the samples contained only the Z 1 / Z 2 center ͑3.9ϫ 10 14 cm −3 ͒ and the EH6/7 center ͑2.5ϫ 10 14 cm −3 ͒ in 4H-SiC, and the E 1 / E 2 center ͑3.8ϫ 10 14 cm −3 ͒ and the R center ͑3.3 ϫ 10 14 cm −3 ͒ in 6H-SiC. Figure 5͑a͒ depicts the DLTS spectra of 4H-SiC before and after thermal oxidation. In accordance with the previous reports, [29] [30] [31] the Z 1 / Z 2 and EH6/7 centers were significantly reduced by thermal oxidation. Figure 5͑b͒ depicts the DLTS spectra of 6H-SiC before and after thermal oxidation. As can be seen in the figure, the E 1 / E 2 and R centers were also remarkably reduced by thermal oxidation. The changes in the trap concentrations are summarized in Table III . Under the present oxidation condition, the concentrations of the Z 1 / Z 2 , EH6/7, E 1 / E 2 , and R centers were reduced by more than one order of magnitude. Longer oxidation time or higher oxidation temperature would result in further elimination of these four traps. The authors confirmed that the concentrations of the Z 1 / Z 2 , EH6/7, E 1 / E 2 , and R centers exhibit a very similar depth profile in the depth from 0.6 to 2.5 m.
The observed results in this section support the hypothesis that the Z 1 / Z 2 , EH6/7, E 1 / E 2 , and R centers originate from the same microstructures, and they are probably related to a carbon vacancy. Figure 6 shows the relation between Z 1 / Z 2 and EH6/7 concentrations in 4H-SiC epilayers after various processes obtained in this study. In accordance with the previous report, 9 almost one-to-one correlation was observed for the Z 1 / Z 2 and EH6/7 concentrations in 4H-SiC. One possible explanation is that these defect centers originate from the same microstructure with different charge states. In Fig. 7 , the relation between E 1 / E 2 and R concentrations in 6H-SiC epilayers is presented. The concentrations of the E 1 / E 2 and R centers in 6H-SiC are almost the same for as-grown, electron-irradiated, annealed, and oxidized samples. From this result, the E 1 / E 2 and R center may be also attributed to the same origin but different charge states, though further careful investigations are required. Figure 8 shows the relation between Z 1 / Z 2 concentration in 4H-SiC epilayers and E 1 / E 2 concentration in 6H-SiC epilayers obtained for as-grown, electron-irradiated, annealed, and oxidized samples. Here, each process was simulta- FIG. 5 . ͑Color online͒ DLTS spectra of n-type ͑a͒ 4H-SiC and ͑b͒ 6H-SiC before and after thermal oxidation at 1150°C for 6 h. Before oxidation, samples were irradiated with electrons ͑energy: 150 keV, fluence: 2 ϫ 10 17 cm −2 ͒ and annealed at 950°C. neously conducted for the 4H-SiC and 6H-SiC epilayers side by side. As can be seen in the figure, the concentrations of these defect centers are almost the same each other after the same processes. In the same way, EH6/7 concentration in 4H-SiC epilayers and R concentration in 6H-SiC epilayers are almost the same for as-grown, electron-irradiated, annealed, and oxidized samples, as shown in Fig. 9 . Thus, generation and reduction processes are almost identical between the Z 1 / Z 2 center in 4H-SiC and the E 1 / E 2 center in 6H-SiC, and between the EH6/7 center in 4H-SiC and the R center in 6H-SiC. It should be noted that the generation of all these defects in as-grown epilayers is enhanced under Si-rich ͑low C/Si ratio͒ condition, and the defect concentrations decrease under C-rich ͑high C/Si ratio͒ condition. This result is consistent with a model that these defects originate from a carbon vacancy rather than a carbon interstitial.
C. Discussion
The authors compared the energy positions of the defect centers observed in this study in the band gap. In Fig. 10 , the energy positions of thermally stable traps investigated in this study are shown, considering the valence band alignment of different polytypes 32 and a band gap offset between 4H-SiC ͑3.26 eV͒ and 6H-SiC ͑3.02 eV͒. As shown in Fig. 10 , there are one-to-one correlations of deep levels in 4H-SiC and 6H-SiC. The Z 1 / Z 2 center and the E 1 / E 2 center are located at close energy positions from the valence band maxima. In the same way, the EH6/7 centers are closely located as the R center. Taking account of the energy positions and features of the defect centers, the authors suggest that the Z 1 / Z 2 center in 4H-SiC corresponds to the E 1 / E 2 center in 6H-SiC, and the EH6/7 center in 4H-SiC to the R center in 6H-SiC, respectively. It was also suggested that the Z 1 / Z 2 center in 4H-SiC corresponds to the E 1 / E 2 center in 6H-SiC, judging from their similar annealing stages 11, 12 and negative-U properties. 13, 14 Langer and Heinrich showed that the energy levels related to transition metal impurities are aligned for the same group of isovalent semiconducting compounds ͑e.g., III-V and II-VI compounds͒. 33 Dalibor et al. suggested that the Langer-Heinrich rule is applicable to the Ti-related deep levels in SiC polytypes. 34 Grillenberger et al. reported the energy level alignment of the Ta-related deep levels in the band gap of the three polytypes 4H-SiC, 6H-SiC, and 15R-SiC. 35 The results observed in this work indicate that the Langer-Heinrich rule is also valid for the intrinsic defects in different SiC polytypes.
The authors observed similar correspondence for thermally unstable traps, the EH1, EH3, and EH5 centers in 4H-SiC and the RD 5 and ES centers in 6H-SiC. In Fig. 11 , the energy positions of these thermally unstable traps are shown. Judging from the energy positions, the EH3 center in 4H-SiC may correspond to the RD 5 center in 6H-SiC, and the EH5 center in 4H-SiC to the ES center in 6H-SiC, respectively. In Fig. 11 , the EH1 center in 4H-SiC seems to have no counterpart in 6H-SiC, but the authors speculate that another DLTS peak can be detected in a DLTS spectrum of irradiated 6H-SiC at lower temperature than 150 K. In the previous reports, 3, 18, 20 one trap, named ED1, has been observed at around 120 K in DLTS spectra of irradiated 6H-SiC. The ED1 center is energetically located at about 0.2 eV below the conduction band edge. The ED1 center in 6H-SiC may correspond to the EH1 center in 4H-SiC. Further investigations, such as more detailed annealing study, are required before making conclusive remark. 
IV. SUMMARY
After low-energy electron irradiation, the authors detected five traps in 4H-SiC, and four traps in 6H-SiC. The Z 1 / Z 2 and EH6/7 centers in 4H-SiC and the E 1 / E 2 and R centers in 6H-SiC were dominant traps after the subsequent annealing. These four traps showed several similar features: their generation rates by the e − -irradiation were almost the same each other. The annealing behaviors of these traps are very similar, stable up to 1500°C and being annealed above 1650°C. In addition, thermal oxidation significantly reduced their concentrations. The generation of these defects during epitaxial growth is enhanced under Si-rich condition. These results may indicate that the Z 1 / Z 2 , EH6/7, E 1 / E 2 , and R centers originate from a microscopically same defect, most likely carbon vacancy. By considering the close energy positions in the band gap, the authors suggest that the Z 1 / Z 2 center in 4H-SiC corresponds to the E 1 / E 2 center in 6H-SiC, and the EH6/7 center in 4H-SiC to the R center in 6H-SiC, respectively. The authors also observed similar correspondence for thermally unstable traps in 4H-SiC and 6H-SiC. The EH3 center in 4H-SiC may correspond to the RD 5 center in 6H-SiC, and the EH5 center in 4H-SiC to the ES center in 6H-SiC, respectively. These results indicate that the Langer-Heinrich rule is also valid for the intrinsic defects in different SiC polytypes.
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